INTRODUCTION {#rrx043s1}
============

Animals are exposed to radiation from natural and artificial sources, cosmic rays, and nuclear accidents. Radiation may affect essential functions and behaviors such as locomotion, feeding, learning and memory, and it is therefore necessary to understand the effects of radiation exposure on these aspects. Locomotory behavior is vital for securing food and escaping from harmful environments. Previous experiments showed that motility (locomotion) in the nematode *Caenorhabditis elegans* was reduced by whole-body irradiation with either gamma rays or carbon ions, in a dose-dependent manner \[[@rrx043C1]--[@rrx043C3]\]. Furthermore, hydrogen peroxide, which is a reactive oxygen species (ROS) produced by radiation exposure, was shown to be potentially involved in this reduced motility \[[@rrx043C2]\]. However, whether the reduction in motility was induced by irradiation of a specific tissue/region remains unknown.

*C. elegans* is a nematode, \~1 mm long, comprising 959 cells, including 302 neurons, in adult hermaphrodites \[[@rrx043C4]\]. Locomotion in *C. elegans* is accomplished by the body-wall muscles located from the head to the tail, which produce snake-like crawling involving forward and backward motion and turns, controlled by motoneurons in the ventral nerve cord \[[@rrx043C4]--[@rrx043C6]\]. In contrast, most of the sensory integration takes place in a nerve ring wrapped round the pharynx in the head \[[@rrx043C6]\]. Targeted irradiation of the nerve ring alone, which is responsible for sensory integration and information processing, would allow us to determine whether the reduction in motility following whole-body irradiation reflects its effect on the central nervous system.

In the present study, we aimed to address this issue using a collimating microbeam system \[[@rrx043C7]\], which has previously been used as a powerful tool for investigating the effects of localized irradiation in various biological targets \[[@rrx043C8]--[@rrx043C14]\]. Using this irradiation system, we previously succeeded in irradiating a limited area in *C. elegans*, such as the tip region of the gonad, and found that region-specific irradiation induced DNA damage, which in turn led to cell cycle arrest and apoptosis \[[@rrx043C15]\]. Microbeam irradiation of individual *C. elegans* or embryos has subsequently been conducted at several facilities \[[@rrx043C16]--[@rrx043C19]\]. However, in these previous studies, *C. elegans* individuals were immobilized by anesthesia prior to irradiation, making it impossible to observe any immediate effects of region-specific microbeam irradiation on motility, owing to the nerve-calming effects of the anesthesia. There is currently no evidence for the effects of radiation on specific tissues, including the nervous system, in active *C. elegans* individuals.

We therefore established a novel method of delivering microbeam irradiation to individual *C. elegans* without anesthesia, in which the animal\'s neural activity was not constrained. We focused on the use of a polydimethylsiloxane (PDMS) microfluidic chip, a so-called behavior chip \[[@rrx043C20], [@rrx043C21]\], developed for behavioral assays and neural activity imaging. This system has the advantage of not requiring the animal to be anesthetized, because it is effectively stationary. We therefore inhibited free motion during irradiation by enclosing an individual *C. elegans* in a straight channel on a PDMS microfluidic chip in buffer solution. The proposed method of microbeam irradiation enabled us to irradiate a specific region of the body, and to analyze the effects of that irradiation immediately, in an active animal. The results of this study provide the first evidence for the involvement of specific tissues, especially the central nervous system, in the radiation-induced reduction of motility in adult hermaphrodite *C. elegans*. These results have important implications for research into the individual, cellular and molecular effects of radiation, and the novel techniques developed will be essential for future studies of the effects of radiation on vital functions and behaviors in *C. elegans*.

MATERIALS AND METHODS {#rrx043s2}
=====================

Strains and culture {#rrx043s2a}
-------------------

*C. elegans* strain wild-type N2 and *Escherichia coli* strain HB101 were obtained from the Caenorhabditis Genetics Center. *C. elegans* hermaphrodites were grown at 20°C on a non-treated petri plate (IWAKI 60 mm/non-treated dish, AGC Techno Glass Co., Ltd, Shizuoka, Japan) containing 10 ml of nematode growth medium (NGM) spread with *E. coli* \[[@rrx043C22]\] as food. Well-fed adult animals (\~3 days after hatching) were used in all experiments.

Sample preparation immediately before irradiation {#rrx043s2b}
-------------------------------------------------

Before irradiation, an individual *C. elegans* was collected from the culture plate using a platina picker (WormStuff Worm Pick, Genesee Scientific Corporation, San Diego, CA, USA) and washed twice in drops of S basal buffer solution \[[@rrx043C22]\] on a non-treated petri plate (Fig. [1](#rrx043F1){ref-type="fig"}A). Free motion of *C. elegans* during irradiation was inhibited using a PDMS microfluidic chip \[[@rrx043C21]\] (Fig. [1](#rrx043F1){ref-type="fig"}B). The surface of the chip included five straight microfluidic channels (depth, 40 μm; width, 40, 50, 60, 70 or 80 μm). The chip was located on a polystyrene cover (Cover Film, TaKaRa Slide Seal for *in situ* PCR; Takara Bio Inc., Shiga, Japan) and placed on an aluminum frame (Fig. [1](#rrx043F1){ref-type="fig"}C) custom-made for the microbeam-irradiation facility. A washed animal was picked up using a platina picker and transferred to a drop of S basal buffer solution placed on the surface of a chip (Fig. [1](#rrx043F1){ref-type="fig"}C). A polystyrene cover was placed carefully over the chip and pressed gently over the channel from one end of the chip to the other end, to maintain humidity. An animal was thus placed in a straight, close-fitting microfluidic channel in the PDMS chip, allowing it to be immobilized during irradiation without the need for anesthesia (Fig. [1](#rrx043F1){ref-type="fig"}D).

![Preparation of region-specific microbeam irradiation. (A) Washing of *C. elegans*. An animal was collected from the culture plate using a platina picker and washed twice in drops of S basal buffer solution on a non-treated petri plate under the microscope. (B) Schematic of PDMS microfluidic chip with five straight microfluidic channels at the surface, 40 μm deep and 40, 50, 60, 70 or 80 μm wide. (C) A washed individual *C. elegans* was placed in a drop of S basal buffer solution on the surface of a chip, located on an aluminum frame custom-made for the microbeam-irradiation facility. A polystyrene cover was placed carefully over the chip to maintain humidity. The cover was pressed gently over the channels from one end of the chip to the other, and an individual *C. elegans* was enclosed in the channel. (D) *C. elegans* enclosed in a PDMS microfluidic chip before irradiation. Circles 20 μm in diameter indicate each targeting area for microbeam irradiation.](rrx043f01){#rrx043F1}

Region-specific microbeam or whole-body broad-beam irradiation with high-linear energy transfer carbon ions {#rrx043s2c}
-----------------------------------------------------------------------------------------------------------

We investigated the effects of region-specific microbeam irradiation using carbon ion (^12^C^5+^) particles accelerated by an azimuthally varying field cyclotron installed at the Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) facility of QST-Takasaki. We delivered region-specific microbeam irradiation using a collimating microbeam system \[[@rrx043C7]\] (Fig. [2](#rrx043F2){ref-type="fig"}). The microfluidic chip enclosing an individual *C. elegans* placed on a custom-made aluminum frame (Fig. [1](#rrx043F1){ref-type="fig"}C) was located on the sample stage of the collimating microbeam system (Fig. [2](#rrx043F2){ref-type="fig"}). The animal was then moved up to immediately under the micro-aperture (beam exit) using the movable frame, and irradiated with a carbon-ion microbeam from the micro-aperture. The incident energy of the carbon ions delivered was 18.3 MeV/u. The theoretical energy loss of carbon ion particles and the linear energy transfer (LET) in *C. elegans* were calculated using the Energy Loss Modify (ELOSSM) code, part of the Induced Radioactivity Analysis Code System (IRACM) \[[@rrx043C23]\]. The LETs of the carbon-ion microbeam passing through the *C. elegans* were 105.5 keV/μm at the surface of the microfluidic chip (depth from the surface of a sample = 100 μm) and 107.4 keV/μm at the bottom of the microfluidic channel (depth from the surface of a sample = 140 μm) (Fig. [3](#rrx043F3){ref-type="fig"}). We used a track-averaged LET of 106.4 keV/μm in the animal in a microfluidic channel, and converted particle fluence to dose in Gy using the following relationship: Dose \[Gy\] = 1.6 × 10^−9^ × LET \[keV/μm\] × Fluence \[particle/cm^2^\] \[[@rrx043C15]\]. Because the thickness of the microfluidic chip enclosing the animal was thicker than the range of the carbon ions (\~1 mm), the ions could not pass through it and therefore did not reach the ion counter located under the sample stage. We therefore evaluated the distribution and fluence rate of the collimated carbon-ion beam in advance by irradiating an ion-track detector CR-39 (Solid State Nuclear Track Detector (TNF-1), Fukuvi Chemical Industry Co., Ltd, Fukui, Japan), as described previously \[[@rrx043C7]\], with slight modifications. As described previously \[[@rrx043C15]\], \~75% of the particles hit within a diameter of φ20 μm, and most of the remainder hit within a diameter of φ20--φ50 μm. The head region, including the nerve ring as the central nervous system, the mid region around the intestine and uterus, and the tail region were targeted independently and irradiated with 12 000 carbon ions, corresponding to a dose of 500 Gy at φ20 μm micro-aperture region (Fig. [1](#rrx043F1){ref-type="fig"}D). The irradiation time with 12 000 ions was set based on the fluence rate, and was \~2 s. Five animals were independently irradiated in each region (head, mid and tail).

![Schematic of collimating microbeam system at the TIARA facility of QST-Takasaki. Left panel indicates entire system and right panel is enlarged view of the irradiation area. The custom-made aluminum frame shown in Fig. [1](#rrx043F1){ref-type="fig"}C with a microfluidic chip enclosing an individual *C. elegans* was located on the sample stage under the micro-aperture (beam exit). An animal was observed using the inverted microscope and a limited area was targeted. Before irradiation, the sample stage was moved up to immediately under the micro-aperture by raising the movable frame.](rrx043f02){#rrx043F2}

![The sectional view of the sample enclosing a *C. elegans* for microbeam irradiation and the LET corresponding to sample depth. Left panel indicates schematic of a PDMS microfluidic chip enclosing a *C. elegans* in the present study and right panel is schematic of a thick device (Slide Seal) enclosing a *C. elegans* in the previous reported study \[[@rrx043C15]\]. Middle panel indicates the LET in the case of microbeam irradiation.](rrx043f03){#rrx043F3}

For comparison, we also conducted whole-body broad-beam irradiation. The track-averaged LET of the carbon-ion broad beam passing through the *C. elegans* was 111.5 keV/μm. The microfluidic chip enclosing the animal was located on a 6-cm non-treated petri plate, and the entire plate was irradiated with a scan beam at a dose of 500 Gy. It took \~50 s to irradiate a plate. For all irradiation experiments, non-irradiated control animals were handled in parallel with irradiated animals, except in terms of carbon-ion irradiation.

Locomotion assay {#rrx043s2d}
----------------

We evaluated motility using a locomotion assay, as described previously \[[@rrx043C2]\], except for use of a digital camera video-recorder. Immediately after irradiation, we removed the polystyrene cover from the microfluidic chip and added a drop of S basal buffer solution to an individual *C. elegans*. The animal swimming in the drop was then picked up using a platina picker and placed on a freshly prepared NGM \[[@rrx043C22]\] petri plate, without bacteria (food). Locomotion was recorded \~5 min after transfer, using a digital camera video-recorder (EX-F1, Casio Computer Co., Ltd, Tokyo, Japan) mounted on a stereomicroscope (SZX7, Olympus Corporation, Tokyo, Japan). 'Body bends' \[[@rrx043C24]\], defined as the number of bends in the anterior body region at 20-s intervals, were counted manually in videos of the five animals for each irradiated region and averaged, respectively.

Statistical analysis {#rrx043s2e}
--------------------

Statistical analysis was performed based on the method described previously \[[@rrx043C2]\]. The mean number of body bends in the five animals irradiated in each region was normalized to the mean number in five non-irradiated control animals. These normalized values from seven independent experiments, conducted on distinct days, were averaged and used to evaluate the effects of irradiation. Numerical values are presented as values with standard errors of the mean (SEM). Data were analyzed by one-way analysis of variance (ANOVA). All statistical analyses were conducted using Microsoft Excel software (Microsoft Co. Ltd, Redmond, WA, USA) at the 0.01 and 0.05 significance levels.

RESULTS AND DISCUSSION {#rrx043s3}
======================

Establishment of method for region-specific irradiation of an animal without anesthesia {#rrx043s3a}
---------------------------------------------------------------------------------------

To examine the immediate effects of region-specific irradiation on locomotion in *C. elegans*, we developed a method that inhibited free motion only during irradiation, without the need for anesthesia. To achieve this, we used a behavior chip (PDMS microfluidic chip) to immobilize an animal, by placing it in a straight, close-fitting microfluidic channel in a chip (Fig. [1](#rrx043F1){ref-type="fig"}D). This allowed accurate targeting of region-specific irradiation to a limited area of the body, and observation of locomotion immediately after irradiation. In addition, by enclosing the animal in a 40-μm microfluidic channel, the LET of carbon ions passing thorough the animal was controlled within a very limited range, i.e. track-averaged LET ± \~1.0 (left panel in Fig. [3](#rrx043F3){ref-type="fig"}). In comparison, the conventional device used in a previous study \[[@rrx043C15]\] was 250 μm in depth, and the difference in LET between the surface and bottom of the device was ≥10.0 (track-averaged LET ± 5.0 or more) (right panel in Fig. [3](#rrx043F3){ref-type="fig"}). Our novel method thus reduced the effects of differences in LET on the radiation response. Furthermore, our proposed method expanded the application of the behavior chips from conventional uses, such as behavioral assays and neural activity imaging \[[@rrx043C20], [@rrx043C21]\], to their use for achieving region-specific irradiation. However, the current method had some residual problems. The method meant that it was not possible to irradiate a sufficiently large number of individuals for statistical analysis (at least five individuals) simultaneously, because we could not enclose multiple animals in a microfluidic chip at the same time because of limited capacity. Further improvements in the irradiation method are therefore needed to allow irradiation experiments to be conducted more efficiently, including the development of a microfluidic chip specialized for microbeam irradiation.

Region-specific irradiation had no significant effect on motility {#rrx043s3b}
-----------------------------------------------------------------

We determined whether the observed radiation-induced reduction in motility was caused by irradiation to a specific region, e.g. the nerve ring responsible for information processing, or by irradiation of the muscle cells themselves.

As a control experiment, we examined the effects of whole-body irradiation on *C. elegans* restrained in a microfluidic chip, and found that motility was significantly decreased immediately after whole-body irradiation with 500 Gy of carbon-ion broad beam (Fig. [4](#rrx043F4){ref-type="fig"}A). This result was consistent with the results of previous experiments \[[@rrx043C3]\]. In contrast, there was no significant reduction in motility in animals irradiated in the head region alone with 12 000 carbon ions, corresponding to 500 Gy, even though this region included the nerve ring (central nervous system), which plays an important role in the response to external stimulation and in information processing (Fig. [4](#rrx043F4){ref-type="fig"}B). This suggests that the reduction in motility induced by whole-body irradiation was not caused by an effect on the central nervous system. Furthermore, this result suggests that the reduction in motility could not be attributed to a lack of motor control due to temporal damage or agitation of the nervous system, and/or suppression of motor control in responses to internal and/or external stimuli. We previously found that hydrogen peroxide, an ROS produced by radiation exposure, might be involved in radiation-induced reduced motility \[[@rrx043C2]\]. However, the current results following head-only irradiation suggest that the ROS-related mechanism responsible for reduced motility does not involve simple sensory responses to ROS and radiation-induced molecules. In addition to head-region irradiation, microbeam irradiation of the mid region around the uterus, and of the tail region including the tail ganglia, also failed to induce any significant reduction in motility (Fig. [4](#rrx043F4){ref-type="fig"}B), indicating that no specific region responded to radiation stimuli. These results indicated that the effects of whole-body broad-beam irradiation were greater than those of region-specific microbeam irradiation at the same dose. This could be explained in relation to motor innervation of the body-wall muscles via motoneurons in the nerve cord, which is located from the head through to the tail. Whole-body irradiation might thus affect the motoneurons and/or body-wall muscle cells of the whole body equally, leading to reduced motility.

![Motility of *C. elegans* immediately after carbon-ion irradiation with a dose of 500 Gy. (A) Normalized numbers of body bends in whole-body irradiated animals. (B) Normalized numbers of body bends in region-specific irradiated animals. For each experiment (whole body--, head (CNS)-, middle-, and tail-irradiated animals), numbers of body bends were averaged from five animals in each group of irradiation. The value for each group of irradiation was normalized according to the 'standard body bends' (the mean number of body bends in non-irradiated control animals tested at the same time). Finally, data for seven independent irradiation experiments were averaged for each group. Error bars represent SEM of seven independent experiments. All data were analyzed using one-way ANOVA at the 0.01 (for the whole-body irradiation) and 0.05 significance levels (region-specific irradiation). \*Indicates significant difference.\
For reference, the mean numbers of the standard body bends in each irradiation group (averaged from seven distinct experiments in each group) were 10.8 for whole-body irradiation, 12.1 for head irradiation, 12.1 for middle-body irradiation, and 11.1 for tail irradiation, respectively.](rrx043f04){#rrx043F4}

Interestingly, we previously observed DNA damage--induced cell cycle arrest and apoptosis after microbeam irradiation of *C. elegans* larvae at L4 stage (within two days after hatching) with only 1500 carbon ions \[[@rrx043C15]\], whereas microbeam irradiation of adult animals with 12 000 carbon ions was not enough to reduce motility in the present experiments. These results indicate that the effects of region-specific microbeam irradiation differ according to each evaluation end-point and/or developmental stage, even in the same species. In addition, anesthesia-dependent irradiation effects may occur, and the involvement of anesthesia-induced nerve-calming effects on the responses of individual *C. elegans* to irradiation remain unknown. However, previous studies of local irradiation of individual *C. elegans* using anesthesia \[[@rrx043C15], [@rrx043C17], [@rrx043C19]\] reported local irradiation-induced effects such as cell death. Given that nervous system activity during irradiation may play an role in the radiation response, including radioresistance, it is essential to examine the effects of radiation in the absence of anesthesia, as proposed in the current study.

In conclusion, our study provides the first evidence showing that region-specific carbon-ion irradiation has no significant effect on motility in *C. elegans*. Further studies comparing the long-term effects of whole-body and partial irradiation, focusing on homeostatic mechanisms and life span, will be indispensable for understanding this phenomenon. However, further studies are needed to clarify several important issues. These include determining the irradiation area--dependent effects, which require further technical developments in beam collimation to allow irradiation of specifically shaped tissues. The dose-dependent effect of region-specific irradiation also remains to be established, which requires the production of an ion-penetrable ultra-thin microfluidic chip permitting careful control of the number of ions (dose) applied.
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